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Well-widened, high-dispersion spec t ra  were used to obtain the identifica- 
tions and equivalent widths for over 1500 lines between 3700 
fo r  the relatively cool Ap star, HD 204411. 
these data was performed. 
allowed u s  to  discuss and rule out any significant departures  f rom LTE in the 
level populations for  the lines, o r  any la rge  variation of the turbulent velocity 
parameter  with height. The resul ts  suggest a broadening of the Fe peak abun- 
dances, a n  overall  enhancement of the F e  peak relative to H, and a decrease 
in  the ratio of light element abundances to iron. The evidence also indicates 
that the s -process  elements Sr and Z r  have normal abundances relative to 
Fe .  
and 4900 A 
A model atmosphere analysis of 
The la rge  number of lines used in this study 
I. INTRODUCTION 
HD204411 (HR 8612, BD t 48" 3990) was classified by Morgan (1932) as 
a peculiar star (HD type A3) of the Eu-Cr class.  
observed by Provin (1953), who obtained (U-B) = to. 17, (B-V) = 0. 06. 




suggested that HD 20441 1 exhibited Some indications of light variability, 
though probably not exceeding fO. 02 mag in  U, B, o r  V. La ter  observations 
by Rakos (1963) indicate that the brightness changes, if any, are very  small 
( S O .  01 mag) and la rges t  in the ultraviolet. 
was found. 
3 k m / s e c  is reported for  t en  plates taken at Lick, Yerkes, and Victoria. 
conclude that there  is no compelling evidence f o r  radial  velocity variations. 
Babcock (1958) lists this star among those having probable, though not firmly 
established, magnetic fields. We can therefore conclude that it is unlikely 
that this sharp-line star has  a field much in  excess of a few hundred gauss. 
No indication of a definite period 
In the Wilson (1953) catalog of radial  velocities a total range of 
We 
The above observational evidence suggests that HD 204411 is a favorable 
Ap star for  study, for  the following reasons. 
1. It is representative of the c lass  of fa i r ly  low-T Ap stars, none of eff  
which has been the object of a detailed, model atmosphere analysis. 
2. There a r e  no large scale spectroscopic o r  light variations that would 
make the application of the model atmosphere technique seem questionable. 
The influence of magnetic fields on line formation and the structure 3. 
of the atmosphere is likely small, if not negligible. 
4. The rotational velocity as estimated f rom our plate mater ia l  is ce r -  
tainly l e s s  than 5 km/sec.  
Therefore, HD 204411 is an extremely sharp-line object, i dea l  for an 
extensive line identification, equivalent width, and model atmosphere study. 
11. THE OBSERVATIONAL DATA 
0 0 
We obtained two spec t ra  in  the wavelength region 3700 A to 4900 A using 
a baked IIa-0 emulsion and the 72-inch camera  combined with the 133B grating 
of the 100-inch reflector at Mt. Wilson. The spectra,  of 4. 5 A / m m  dispersion, 
were widened to 1 mm. 
widths, Wx, greater  than 5 mA is presented in Table 1. 
the wavelength as measured f rom the plate; in  column 2, the equivalent width; 
0 
A list of the l ines identified as having equivalent 
0 
In column 1 we list 
2 
in  column 3, the proposed identifi'cation; and in column 4, the corresponding 
laboratory wavelength. 
measurements  of direct  intensity tracings. 
the two plates that the e r r o r s  in  W 
The equivalent widths were obtained f rom planimeter 
We estimate f rom comparison of 
a r e  approximately f 1 0  per  cent. x 
111. THE CHOICE OF Teff AND log g 
The relation between (B-V) and Teff given by Kuhi, Woolf, and Hayes 
(1968) was used to deduce a minimum value of T 
differential line blocking between the B and V bands o r  inters te l lar  reddening 
will ac t  to increase the value of T 
the star is located at a galactic latitude b = -1'23' and the distance modulus 
is near 5 mag. We do not expect EB-V to exceed about 0. 07 mag, s o  that a 
maximum T value would be approximately 9500°K. However, i t  is difficult eff 
to explain the (U-B) color by invoking reddening alone. It seems necessary 
to assume enhanced (relative to normal A stars) blocking in the U relative to 
the B band of approximately 0. 10 to 0. 12 mag. This seems entirely consis- 
tent with the enhanced abundance of the i ron group elements relative to 
hydrogen and the average value of the turbulent parameter  of 3 .5  f 0.5 krnlsec 
we find in  8 IV. 
= 8500°K. Either enhanced eff 
We cannot rule out reddening, since eff' 
A surface gravity of log g = 3. 7 f 0 .4  was estimated f rom the Hy profile 
observed by Searle  and Sargent (1 964), and f rom the atmospheres and 
hydrogen-line profiles described in S t rom and Pe terson  (1968). 
In accordance with the estimates of atmospheric parameters  made above, 
we constructed a grid of model atmospheres in the range 8500" < T 
with log g = 3 . 7  to 4. 3. 
on the methods outlined by Strom and Avrett  (1965), was used to compute 
these models. 
able f rom the authors upon request. 
< 9500°K 
The program ATLAS, writ ten by R. Kurucz and based 
eff 
Copies of ATLAS and a description of its operation a r e  avail- 
3 
The equivalent widths given in.Tabler 1 were used to deduce abundances 
for each line of F e  I and Ti 11 for  which the transition probabilities advocated 
by Warner (1968) were available. 
the atomic parameters  for  the lines to compute f i r s t  the run of line opacity 
and source function with optical depth and then the emergent profiles and 
equivalent widths. 
equivalent widths were matched. 
values, vt, was used. 
The models were used in conjunction with 
The abundance was varied until the observed and computed 
F o r  each model a range of turbulent velocity 
In Figures  la, b, c we plot the deduced abundances, N, against the lower 
excitation potential of transit ion in  question for  the F e  I, Ti 11, and Cr  I1 
lines, respectively. 
vides the minimum slope in the N vs  x plots. 
for  this determination of T 
900O0K is consistent with the UBV colors.  
The value of Teff = 8750°K used in these figures pro- 
An e r r o r  of 250°K is estimated 
A value of Teff in the range 8500 < Teff < eff' 
We then chose the gravity by minimizing the differences in the mean 
values of the abundances deduced fo r  F e  I and F e  11. We deduced a value of 
log g = 4. 3 f 0. 3 .  This value is not badly inconsistent with that determined 
from the Hy profile, although the probable e r r o r  ranges in these two gravity 
determinations just  barely overlap. 
In order  to determine the best value fo r  vt for  the (8750, 4. 3, 1) model, 
We show these plots in F igures  
we plotted the deduced abundances for  F e  I, Ti 11, and C r  I1 lines against 
the observed equivalent width for  each line. 
2a, b, c f o r  the chosen value of v = 3 .  5 km/sec,  which minimizes the slope of 
this relation for  each of the elements. 
is about fO. 5 kmlsec .  
t 
t The e r r o r  in the deduced value of v 
In F igures  3a, b, c we plot, for  the F e  I, Ti 11, and C r  I1 lines, respec- 
- 
tively, N against the mean depth of formation of each line, T, which is chosen 
to be the continuum optical depth corresponding to a monochromatic depth 
T = 1 at a point on the line displaced one Doppler width from line center. 
We find no systematic trend of N w i t h 7  to suggest that there a r e  no crucial  
V 
4 
systematic e r r o r s  in 1) the model structure,  2) the mechanism of line forma- 
tion, o r  3) the assumption that the turbulence parameter  is  independent of 
depth. 
We note from experience gained with numerical experiments that the 
same conclusions a r e  reached f o r  more  sophisticated definitions of ’+ (e.  g . ,  
those based on contribution functions (Aller 1960)). 
IV. THE RESULTS 
To estimate the magnitude of the e r r o r s  associated with our choice of 
models, we have computed abundances for  two models. The f i r s t  i s  a 
(8750, 4. 3, 1) model with v = 3. 5 km/sec ,  while the second is a (8500, 4, 1) t 
model with v = 4. 0 km/sec.  We present in  Table 2 for  each of these models 
the mean abundance values (based on the indicated number of l ines) on a loga- 
rithmic scale with H = 12. 00, and the probable e r r o r s  of their mean values. 
We also include a tabulation of the logarithmic element-to-iron ratios.  The 
final columns in  Table 2 give the mean values of [ N / N  ] found by Conti and H 
Strom (1968a, b) f rom an  analysis of nine normal ear ly  A s ta rs ,  and the values 
of the solar  abundances found by Warner (1968). These values have a co r re s -  
ponding probable e r r o r  in the mean of the order  of fO. 1. 
abundance values for the normal A s t a r s  coincide very closely with the solar  
values. 
remain somewhat cautious about assigning absolute values for the abundances 
since the absolute values of the abundance ratios a re ,  of course, sensitive to 
the assumed transit ion probabilities. However, the comparison of the unknown 
s t a r  ( in  this case HD 20441 1) relative to the average of the normal A s t a r s  is 
independent of these values. This method, which uses  the full power of the 
model atmosphere approach, allows us the same advantages of a classical  
differential curve-of-growth approach. We also believe that these resul ts  
a r e  superior to the preliminary values given by Searle and Sargent (1964) 
and Mihalas and Henshaw (1 966)  pr imari ly  owing to  the careful way in  which 
the values of the model parameters  were determined. 
t 
We note that the 
We find this agreement very  encouraging, although we prefer  to 
5 
W e  find the following basic results: 
1. The ratios of Mn, V, Cr,  a r e  enhanced relative to F e  by about 0. 5 to 
1. 0 dex. 
2. The ratios of Ca, Ni, Co, and Z r  are enhanced relative to F e  by 0.2 
to  0. 5 dex. 
3. The F e / H  ratio is mos t  likely enhanced by about 0. 4 to 0. 6 dex. 
4. The ratios of Mg and Si t o  H are normal to within their  probable 
e r r o r s ,  although the ratios of these elements relative to F e  are down by 0. 3 
to 0.6 dex. 
5. The ratios of Sc, Ti, Sr, and Y with respect to H a r e  normal, and 
hence the ratios of the abundances of these elements relative to F e  a r e  down 
by 0. 3 to 0. 5 dex. 
We are somewhat puzzled by the lack of agreement between T i  I and T i  11. 
Warner  obtains good ionization equilibrium f o r  the sun using the identical 
scale of transit ion probabilities to  that adopted here. 
T i  I abundance is mos t  subject to e r r o r  since these lines a r e  weak and subject 
to blending. 
We  surmise  that the 
6 .  La and Ce give abundances, comparable (to within 0. 3 to 0. 5 dex) 
with those deduced fo r  Sirius f rom the values of WX given by Kohl (1964). 
We therefore conclude that HD 20441 1 has very  slight, if any, enhancement 
of rare earths.  
7. We note that although 14205 of Eu 11 was thought to be seen  by Morgan, 
0 
our spectra  show no lines within 0. 040 Aof the laboratory position of this 
Eu I1 line. 
both lines have values of gf within a factor of 1. 5 of one another and we detect 
neither, it seems likely that the original identification of Morgan was, for  
some reason, erroneous. 
Moreover, we find no evidence fo r  the Eu II line at X4130. Since 
6 
Upper limits to the abundances for “C I, A1 I, Zn I, and Eu I1 were 
0 
obtained by assuming 5 mA as a n  est imate  of the minimal detectable equiva- 
lent width for  our plate material .  
F o r  C I the 4771 line has been observed in  a number of ear ly  A-star  
spectra  (Conti and Strom 1968a, b). 
by at leas t  a factor of 1 0 in  HD 20441 1. 
It appears that carbon is underabundant 
0 
The A1 I line at 3944 A i s  a lso seen quite prominently in  other A-star  
spectra, and we must  conclude that Al is deficient in HD 204411 by a factor 
of a t  l ea s t  10. 
The upper limit to  the Eu abundance suggests a slight underabundance 
of this element. 
The upper l imit  deduced for the Zn abundance is consistent with a normal 
abundance f o r  that element. 
V. INTERPRETATION 
The resul ts  of the foregoing analysis of HD 204411 are ,  at f i r s t  sight, 
surprising. 
a t  low dispersion and despite the large number of lines, particularly of Cr  I 
and C r  11, in its spectrum, the composition of HD 204411 is not strikingly 
different f rom a normal star.  
revealed by our analysis appear to offer more  promise for  a n  explanation in  
t e r m s  of nuclear physics than those of the other Ap s t a r s  studied to date. A 
comparison of the line l i s t  with that for normal A s t a r s  shows that, although 
the enhancement of C r  is most  apparent at low dispersion, . in  fact  there is an 
abnormal number of l ines of F e  I and F e  I1 in the spectrum of HD 204411, a s  
well as more  l ines of Cr I and Cr 11. Thus the star’s main peculiarity i s  a n  
overall enhancement of the whole F e  peak relative to H. 
some change in the distribution of elements within the F e  peak and with a 
deficiency in  carbon. 
Despite the fadt that it is easily identifiable a s  a peculiar s t a r  
On the other hand, the abundance abnormalities 
This is coupled with 
The la t ter  is the only element in  the CNO group that 
7 
can be studied by the use of plates *in the* blue region of the spectrum. 
ever,  0 I and N I could be studied in the photographic infrared region of the 
spectrum. By analogy with resul ts  obtained for  other cool peculiar A stars 
(Sargent and Searle  1962), it is likely that 0 and N will p r w e  to be deficient 
als 0. 
How- 
In attempting to  evolve a general  theory to explain the abnormal compo- 
sitions of the Ap stars, Fowler, Burbidge, Burbidge, and Hoyle (1965) have 
proposed that the deficiency in  the light elements is caused by surface spalla- 
tion reactions induced by changes in  the internal s t ructure  of a n  evolved star. 
The excess  of heavier elements is brought about by mixing to  the surface of 
mater ia l  that has  been processed at high temperatures  in  the interior,  o r  it 
is material that has originated in  the interior of a binary companion. While 
there  are objections to the application of this theory to  the generality of Ap 
stars (Searle and Sargent 1967), it m a y  apply to some Ap stars, including 
HD 20441 1. 
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Figure 1. Plot of deduced abundances for  (a) F e I ,  (b) Ti 11, and (c) C r  I1 
lines against excitation potential for the model (8750,4. 3, 1) 
with vt = 3. 5 km/sec.  
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Figure 2 ,  Plot of deduced abundances for (a) F e  I, (b) Ti  11, and ( c )  Cr I1 
l ines against equivalent width for  the model (8750,4. 3, 1) with 
vt = 3.  5 km/sec .  Open c i rc les  represent  two coincident points. 
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Figure 3.  Plot of deduced abundance for  (a) F e  I, (b) T i  11, ( c )  C r  I1 against 
mean depth of formation 'i: ( see  text) for  the model (8750,4. 3 , l )  
with vt = 3. 5 km/sec.  
points. 
Open circles  represent  two coincident 
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39. I04 FeII(2I I 
FeI(IIO3) 


















14. A76 FoI( 357) 
FeI(695) 
FeI(558) 
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82.692 32 ._ 
83.534 137 FeI(41) 0 547 
83.961 25 
84.303 70 
84.693 35 M@(IO) 0.643 
84.980 35 CrI(22) 0.477 
85. 373 99 FeII(27) 0.373 
85.693 5 
86.184 3 
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Abundances for HD 204411 Compared with Those for  
Normal A Stars  and the Sun 
Normal 
(8750.4. 3 , l )  (8500,4,1) A Stars 
vt = 3.5 kmlsec  vt = 4 .0  kmlsec  (Conti & 
Atomic Number Strom 1968) Sun 
~ l ~ ~ ~ ~ t  weight of lines log N/NH t 12 log N/NFe log NINH t 12 log N/NFe log N/NH t 12 log NINH t 12 
C I  6 
A1 I 1 3  
S i  II 14 
Ca I 20 
s c  11 21 
T i I }  22 
T i  11 
' I }  23 
V I I  
c r l }  24 
Cr  II 
M n l ]  25 
Mn 11 
26 
F e  11 
c o  I 27 
N i l \  28 
Ni II 
Zn I 30 
S r  II 38 
Y I I  39 
Z r  II 40 
Ba I1 56 
Ce 11 58 
Nd II 60 
L a  II 
Eu 11 63 
Gd 11 64 































7 .1  0. 0 7.1 
7.8 to. 7 7.6 
7.5 f 0.1 
3.5 -3.6 3. 4 
7. 5 f 0.3 t o .  4 f 0. 3 7. 2 f 0. 3 
6 . 7 f 0 . 1  -0.4 f 0 . 3  6. 4 f 0. 1 
2 . 8 f 0 . 1  -4. 3 f 0. 1 2 . 5 f 0 . 1  
5.6 f 0.2 -1.5 f 0.2 5. 3 f 0. 2 
4. a f 0.1 -2 .3  f 0.1 4.5 f 0. 1 
5.1 f 0.1 -2.0 f 0.1 4. 7 f 0. 3 
4.7 f 0.8 -2.4 f 0.8 4. 5 f 0. 8 
6.2 f 0 . 1  -0.9 f 0.1 6 . 0 f O . 1  
6.3 f 0.1 -0. 8 f 0. 1 6 . o f 0 . 1  
5. 5 f 0.1 -1.6 f 0.1 5. 3 f 0. 1 
5.9 f 0.2 -1.2 f 0.2 5. 8 f 0. 2 
7 . 2 f 0 . 1  t o .  1 f 0.1 7. 0 f 0. 1 
7 . 0 f 0 . 1  -0. 1 f 0.1 6 . 8 f 0 . 1  
4.7 -2.4 4. 5 
5 . 5 f O . 1  -1.6 f 0.1 5 . 3 f 0 . 1  
5.8 f 0.3 - 1 . 6 f 0 . 3  5. 6 f 0. 1 
2.9 -4.2 2.7 
3.3 f 0 .3  -3.8 f 0. 3 2 . 9 f  0.3 
2.8 f 0.2 -4.3 f 0.2 2 . 6 f  0.2 
3.7 -3.4 3. 4 
2.7 -4.4 2.5 
2 . 8 f 0 . 1  -4. 3 f 0. 1 2.6 f 0. 1 
1.8 -5 .3 1.6 
2.5 2. 7 
1.4 -5.7 1.2 
3. 3 -3.8 3. 1 
3 . 5 f 0 . 3  -3.6 f 0. 3 3. 3 
t o .  4 f 0.1 7.2 f 0. 1 
-0.3 
to .  8 
t o . 4  f 0.1 
-3.4 
0.4 f 0. 3 
-0.4 f 0.3 
-4. 3 f 0. 1 
-1.5 f 0.2 
-2. 3 f 0. 1 
-2. 1 f 0.3 
-2. 3 f 0. 8 
-0. 8 f 0. 1 
-0. 8 f 0. 1 
-1.5 f 0. 1 
- 1 . 0 f 0 . 2  
tO .2 fO.1  
-0.2 f 0. 1 
-2. 3 
-1. 5 f 0.1 
-1. 5 f 0. 1 
-4. 1 
-3.9 f 0.3 
-4. 2 f 0.2 
-3. 4 
-4. 3 











































In column 3, ul = upper limit 
CB = Corliss and Bosman (1962) 
WA = Warner (1 968) 
+From 5944 reeonance line 
tDoes not include 4077 o r  4215 in  average 
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